We present a novel, cavity-enhanced spectroscopic technique based on a phase-matched Raman process to detect trace quantities of gas. The essence of this technique is the careful control of cavity dispersion to satisfy the phase-matching condition of coherent anti-Stokes Raman scattering (CARS) enhanced in a high-finesse optical cavity. A 6000-fold improvement of the CARS signal is observed under optimized conditions, indicating that this is a promising tool to quantify Raman-active molecules with an extremely low detection limit.
Introduction
The development of detection methods for gas-phase atoms and molecules with extremely high sensitivity is a major challenge in analytical chemistry. [1] [2] [3] Gas detection applications are widespread in our society, and are found, for example, in environmental monitoring, human breath analysis in clinical diagnosis, inspection of manufacturing processes, and the detection of toxic or explosive substances. Cavity enhanced spectroscopy (CES) has proven to be a powerful tool for this purpose because of its high sensitivity combined with its simple and compact setup. [4] [5] [6] Typical CES techniques are based on absorption spectroscopy, such as cavity-enhanced absorption spectroscopy (CEAS) 7, 8 and cavity ring down spectroscopy (CRDS), 4, 5, 9 both of which are reinforced by an extended effective path length in the optical cavity. CEAS and CRDS have been successfully used both in fundamental research and applied spectroscopy.
In contrast to the immense amount of research conducted for CEAS and CRDS, reports on cavity-enhanced Raman spectroscopy (CERS), a variant of Raman spectroscopy, are limited. 10, 11 CERS also benefits from the cavity enhancement effect, and is an attractive tool, for example, for the detection of homonuclear molecules that have no absorption band in the infrared region. However, CERS often suffers from its relatively low sensitivity for detection of molecules because of the lower Raman cross-sections (~10 -30 cm 2 ) compared with the absorption cross-sections (~10  -16 cm   2 ) of the molecules. To overcome the low sensitivity of Raman spectroscopy, coherent Raman processes have been used. 11 In fact, coherent anti-Stokes Raman scattering (CARS) microscopy has excellent sensitivity, comparable to that of fluorescent microscopy, but without the need for staining. 13 Since the coherent Raman process generally generates signals 10 5 -10 7 times higher than the incoherent spontaneous Raman process, CERS incorporating a coherent Raman process has great potential as a detection tool for gas-phase chemical species that are otherwise difficult to detect using conventional absorption-based spectroscopic methods and will become an attractive alternative to CEAS and CRDS.
In this short review, we present a CERS method based on intracavity CARS that satisfies the phase-matching condition required to enhance the intensity of the CARS signal. We first explain the basic principle of our approach to satisfy the phasematching condition in the intracavity CARS process; this is achieved by compensating the dispersion of the intracavity medium using dispersion-controlled cavity mirrors. We then present preliminary results highlighting the potential for future application of this high-sensitivity gas detection method. A remarkable 6000-fold enhancement of the CARS signal was observed under optimized intracavity conditions. We also show that this significant enhancement was caused by an appropriate compensation of the total cavity dispersion. Finally, we discuss the future prospects of this novel gas detection method.
Basic Principle
CARS is a specific type of four-wave mixing process characterized by resonant excitation of vibrational or rotational (Raman) motion of molecules.
14 Anti-Stokes radiation with a frequency of ωCARS is produced as a result of coherent interaction between the pump beams (ω1 and ω2) and molecular Raman modes ( Fig. 1(a) ). To cause a resonant excitation of Raman modes, the frequency difference between the two pump beams is set to match the frequency of the Raman mode, Ω = ω1 -ω2. Therefore, ωCARS is determined by the equation (Fig. 1(b) ):
Cavity enhancement allows us to extend the effective path length of the interaction between the molecules and the laser beam resonant with the optical cavity, leading to a significant increase in signal intensity. This approach, however, cannot be directly applied to enhance the intracavity CARS signal in a similar way to intracavity absorption spectroscopy. This is because the phase mismatch between the laser beams in the CARS process limits the maximum intensity of the signal despite the extension of the interaction path length in the optical cavity. The phase mismatch in the CARS process, Δk, is defined by the phase slip due to the propagation of the interacting beams through the medium over a unit distance, and is expressed by:
where k1, k2, and kCARS are wave vectors of the pump beams (ω1, ω2) and the CARS beam (ωCASR), respectively. The maximum CARS signal is obtained when the phase-matching condition, Δk = 0, is satisfied in the intracavity CARS process. In general, Δk has a nonzero value because of intrinsic dispersion in the intracavity medium, and the intracavity CARS process does not benefit from the extension of the interaction path length through the cavity enhancement effect.
To overcome this limitation, we have previously proposed the use of a dispersion-compensated high-finesse optical cavity as a new tool to enhance the intracavity CARS process. 15 The Δk in the CARS process is determined by the intrinsic dispersion in the intracavity medium:
where Ω is the Raman shift frequency and β the group delay dispersion (GDD) of the intracavity medium. This means that the dispersion prevents the phase relationship between the pump beams and the CARS beam from being maintained during propagation, causing the CARS signal to be attenuated when it emerges from the optical cavity. This also indicates that the GDD imposed by the intracavity medium is a key factor in achieving a high-efficiency CARS process that satisfies the phase-matching condition. Our approach to realize this desirable condition is based on taking into account the dispersion of the cavity mirror to determine the total dispersion of the optical cavity. When the broadband radiation reflects from a high reflective mirror, the phase of the radiation is modified, the extent of which depends on the structure and type of materials used in the multilayer coating of the mirror. In the field of ultrafast spectroscopy, dispersive mirrors are extensively used to control the phase of ultrashort optical pulses. This novel type of mirror allows us to provide a reflected beam with an additional phase. Taking this into account, the total dispersion of the optical cavity, βtotal, can be expressed in terms of the dispersion of the cavity mirror, βmirror, and the dispersion of the intracavity medium, βmedium, as:
Although βmedium is generally a positive value in the optical region, βmirror is designed to have a negative value by virtue of the structure and materials used in the multilayer coating. Therefore, the condition of βtotal = 0 can be achieved by using dispersive mirrors as cavity components with a negative GDD value (βmirror < 0) that cancels out the positive GDD value of the intracavity medium. Thus, the phase-matching condition in the intracavity CARS process, Δk = 0, is satisfied when the total intracavity dispersion is eliminated (i.e., βtotal = 0). We call this modified optical cavity a dispersion-controlled high-finesse optical cavity, and have previously employed this for the excitation of cavity-enhanced Raman and other nonlinear optical processes for various applications. In the experiment, gas-phase hydrogen was used as the medium to observe the intracavity CARS signal at room temperature. Hydrogen gas of pressure p (Pa) was filled into a Fabry-Perottype optical cavity with a length of l (m). The GDD, βmedium (fs 2 ), provided by one passage of a beam at a wavelength of 800 nm in the hydrogen-filled optical cavity (Fig. 2) is given by the following equation using known data for the frequency dependence of the refractive index of gas-phase hydrogen:
Highly reflective mirrors with negative GDD values in the wavelength region of 750 -900 nm were used as the cavity mirrors. A pair of negative dispersive mirrors, opposing each other with an 8-cm separation, was installed in a chamber equipped with input and output windows for the laser beam. The pressure in the chamber was precisely controlled using a valve connected to the hydrogen reservoir. We used a continuous-wave Ti:sapphire laser with a line width of less than 100 kHz at wavelengths around 800 nm as the pump beam for the intracavity CARS process. The laser beam was coupled to the optical cavity in the hydrogen-filled chamber after being passed through lenses for transverse mode matching. The spectrum and power of the output beam were measured under optimized conditions that allowed the pump beam to reach a maximum intensity in the optical cavity. We observed the CARS signal while changing the hydrogen pressure in the optical cavity and found a remarkable enhancement of the signal at an optimized pressure. The sharp contrast between the CARS signals measured at optimized and non-optimized hydrogen pressures is shown in Figs. 3(a) and  3(b) . In both cases, a Stokes emission at a wavelength of 855.7 nm arising from an intracavity stimulated Raman scattering (SRS) process based on a rotational transition of ortho-hydrogen (S0(1): J = 0 to J = 1, Ω = 17.6 THz) excited by the pump beam (814.8 nm) was clearly observed with a similar intensity to that of the pump emission. The intensity of the CARS signal was drastically enhanced by nearly 6000-fold at a hydrogen pressure of 659 kPa (Fig. 3(b) ) compared with the signal at 357 kPa ( Fig. 3(a) ). It should be noted that the SRS process is not limited by phase matching because this condition is automatically satisfied, whereas the CARS process is sensitively affected by the phase-matching condition during propagation in the Raman-active medium. Therefore, the difference between the CARS signals in Figs. 3(a) and 3(b) is attributed to the phase mismatch between the pump, Stokes, and anti-Stokes emissions. As mentioned in the previous section, the phase mismatch in the intracavity CARS process is determined by the total GDD of the optical cavity. According to Eq. (5), the GDD imposed by one 8-cm-long passage in the hydrogen gas at 659 kPa is 6.9 fs 2 . This indicates that the GDD provided by one reflection from the cavity mirror used in this experiment is -6.9 fs 2 , and the phase mismatch caused by propagation through the hydrogen gas in the optical cavity is cancelled out by the reflection from the cavity mirror. The fineness of the optical cavity used here is estimated to be approximately 12000, which means that the interaction length for the intracavity CARS process is extended by a factor of approximately 10 4 . This value agrees well with the enhancement factor of the CARS signal observed in this experiment and clearly suggests that the dispersion-compensated high-finesse optical cavity is a promising tool to improve the performance of cavity-enhanced Raman spectroscopy for trace gas detection.
To confirm the contribution of dispersion compensation to the enhancement of the CARS signal, we measured the CARS signal at two different partial pressures of hydrogen: (1) 860 kPa of hydrogen mixed with 100 kPa of xenon, and (2) 460 kPa of hydrogen mixed with 150 kPa of xenon. 14 Under both conditions, the total GDD provided by hydrogen and xenon is 16.6 fs 2 . Despite the different hydrogen partial pressures, the enhancement of the CARS signal intensity was clearly observed under both conditions. This indicates that the enhancement of the CARS signal does not depend on the partial pressure of the Raman-active gas, but critically depends on the total dispersion of the optical cavity. To examine the dependence on the intracavity pressure in greater detail, the pressure was finely adjusted in the range of the optimized pressure. Figure 4(a) shows the variation of the intensity ratio of the CARS signal (ICARS) to the Stokes signal (IStokes) as a function of the hydrogen partial pressure. The CARS signal changed sharply around the optimized pressure with a full width at half maximum of <10 kPa. This pressure dependence can be explained by an overlap between the frequency of the CARS signal (ωCARS) and one of the longitudinal modes of the optical cavity. The ωCARS is determined by Eq. (1) according to the law of conservation of energy, and ωCARS, ωp, and ωs are separated at an equal frequency interval. In contrast, adjacent longitudinal modes of an optical cavity are not separated at a constant frequency interval because of the dispersion in the intracavity medium. 20 Therefore, the CARS signal does not overlap with any of the longitudinal modes at non-optimized pressures (Fig. 4(b) ). The frequency difference between ωCARS and the closest longitudinal mode, ΔΩ, can be controlled by the total pressure in the optical cavity. Because the linewidth of ωCARS (~100 kHz) is sufficiently narrower than that of the longitudinal mode (~500 kHz), the dependence of the ωCARS intensity is expected to reflect the shape of the longitudinal mode. In fact, the measured data can be fitted with an Airy function that describes the shape of a longitudinal mode with a linewidth of 400 kHz, which agrees well with the value calculated based on the reflectivity of the cavity mirror used in this experiment (99.93%). This clearly indicates that the longitudinal modes relating to the generation of the CARS signal are distributed at an equal frequency interval under the condition that the intracavity dispersion is compensated for, leading to the improvement of the CARS signal intensity owing to the cavity enhancement effect.
Conclusions
An intracavity CARS process, based on our previous idea for the significant improvement of CERS performance, which satisfied the phase-matching condition, was achieved in a dispersion-compensated high-finesse optical cavity designed to eliminate dispersion in the intracavity Raman-active medium. This preliminary study showed that the intensity of a CARS signal from gas-phase hydrogen can be improved by more than three orders of magnitude using this method. We believe this result is promising for the application of this method in CERSbased trace gas detection. We are currently conducting preliminary studies using this method for the quantitative measurement of gas species but have not yet determined the detection limit. A previous study reported a detection limit of 480 ppm for hydrogen using CERS based on spontaneous Raman scattering with an incoherent Raman process. 11 Therefore, we expect that our approach will achieve a detection limit on the ppb level because it is based on a CARS process with an intrinsic coherent Raman process. This approach has the potential to lead to a high-sensitivity, highly selective, and real-time monitoring tool for the detection of trace isotopes, especially diatomic molecules, including radioactive hydrogen isotopes, which are infrared inactive. In addition to trace gas detection, this will contribute to our understanding of nonlinear optical phenomena in diluted gaseous molecules 17, 18 and lead to the realization of a novel type of light source. 21 
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